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Abstract
Nuclear fuel rods (FRs) are transverselly linked to each other by three spacer grid cells at several vertical levels
inside a fuel assembly (FA). Vibration of FA components, caused by the motion of FA support plates in the reactor
core, generates variable contact forces between FRs and spacer grid cells. Friction effects in contact surfaces have
an influence on the expected lifetime period of nuclear FA in terms of FR cladding fretting wear. This paper
introduces an original approach to mathematical modelling and simulation analysis of FR nonlinear vibrations and
fretting wear taking into consideration friction forces at all levels of spacer grids.
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1. Introduction
Friction in mechanical systems has been systematicaly investigated for over half a millenia. The
historical backround is presented in detail, for example, in book [2]. In terms of mechanics, a
nuclear fuel assembly is a very complicated system of beam-type componets [1, 4]. The basic
structure (Fig. 1) is formed by a large number of parallel vertically distributed FRs, some guide
thimbles and a centre tube. The FRs are linked to each other by transverse spacer grids (SGs) and
with load-bearing skeleton by means of lower piece. Vibration of nuclear FA in consideration of
complexity [19–21] was investigated using a linear system with proportional damping. Appli-
cation of these mathematical models enables approximate calculation of friction forces between
FR and SG cells during slip motion without the consideration of possible stick phases and elastic
deformations of SG cells in tangential and vertical directions. To achieve more exact results,
computational friction-vibration analyses of FRs should be based on more sophisticated compu-
tational friction models with “force-slip velocity-displacement” characteristics. This approach
is theoretically introduced, for example, in [14, 15] including the effect of surface roughness.
The authors of the present paper have investigated the modelling of VVER-type reactors in
co-opration with the Nuclear Research Institute Řež and Škoda Nuclear Machinery for more
than three decades. The original linearised spatial model of the VVER-1000/320-type reactor,
intended for eigenvalues and dynamic response calculation excited by pressure pulsations, was
derived during the year 2006 [17]. The reactor model was used for the calculation of the spatial
motion of FA lower support plate in core barrel bottom and upper support plate in block of
protection tubes [18] and it was partially experimentally verified in [11]. The source of FA
kinematic excitation is the support plates motion excited by pressure pulsations generated by
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Fig. 1. FA schematic side view (a) and the cross-section of FA (b)
main circulation pumps in the coolant loops of the reactor primary circuit. The modelling of
the FA vibration based on the modal synthesis method with reduction of the DOF number and
under the assumption of full interaction of all FA components was presented in several research
reports, monograph [4], and papers [19, 20] published by the authors of the present paper.
The vibration induced by pressure pulsation in the reactor, in particular at the contact
points between the spacer grid cells and FR, may result in wear of the fuel rod cladding. This
phenomenon can lead to exposure of fuel pellets [10]. The majority of published papers on
fretting wear of rods deals with experimental investigation of friction work per unit area which is
converted into wear depth during a certain time interval [3] by means of the wear coefficient. The
calculation of friction work is based on the estimation of average normal contact force, fretting
amplitude and oscillation frequency. This approach does not respect the time dependence of
normal contact forces and the possible temporary loss of fretting contact [9]. Several works
focus on the influence of chosen parameters on fretting wear. In this context, the influence of
geometry and elastic properties of SG is very important [5,7,8]. In [13], a probabilistic prediction
of fretting wear of nuclear FRs is presented. Other papers are motivated by problems of fretting
wear that occur during reactor operation at the power plants [6, 16, 22].
The aim of this paper is the investigation of nonlinear kinematically excited spatial vibration
of a chosen FR (Fig. 2) and its fretting wear taking into consideration the friction-vibration
interactions in all contact surfaces between FR and SG cells.
2. Dynamic model of the fuel rod
Let us consider a chosen fuel rod u in the segment s (see Fig. 1b) which is fixed at the level
of the nodal point L(s)u into the mounting plane (see Fig. 2a) in reactor core barrel bottom.
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(a) (b)
Fig. 2. FR model (a) and the cross-section of SG cells segment (b)
Each FR is surrounded by three SG cells at every level g = 2i, Fig. 2b. The elastic properties
of one cell in horizontal plane are expressed by three springs of identical radial stiffness kr
located between the cell centres Cj, j = 1, 2, 3 and three FRs in contact. The displacements
of cell centres xj,g and yj,g in the directions of horizontal axes x, y were investigated with the
simplifying assumption of modal damping using the global FA model [4,20]. FA vibrations are
excited by pressure pulsations generated by main circulation pumps in the coolant loops of the
reactor primary circuit.
The main components of the FR are a thin-walled tube from zirconium (father FR cladding)
and fuel pellets fromUO2. The compact form of a fuel pellets column is held by means of inside
pressed fixation spring at the top of FR (see Fig. 2a). We assume a full interaction of both FR
components during a fixed period of reactor operation.
The FR mathematical model of beam type is derived by FEM for Euler-Bernoulli continua
including mass forces on flexure (Rayleigh theory) in the configuration space
q = [. . . , ui, vi, wi, ϕi, ϑi, ψi, . . .]
T , i = L(s)u , 1, . . . , 16, (1)
where ui is axial displacement and vi, wi are mutually perpendicular lateral displacements of
the central nodal point i in the direction of axes x, y. The angular displacements ϕi, ϑi, ψi are
torsional and bending angles of rod cross-section around the vertical z and lateral axes xi ‖ x,
yi ‖ y, respectively, at the level of nodal points i. The even nodes i = 2, . . . , 16 are at the level
of spacer grid g (see Fig. 2) and the odd nodes are located in the middle.
The mathematical model of a spatially vibrating FR is derived in the decomposed block form[
ML ML,F
MF,L MF
] [
q¨
(s)
Lu
q¨F
]
+
[
BL BL,F
BF,L BF
] [
q˙
(s)
Lu
q˙F
]
+
[
KL KL,F
KF,L KF
] [
q
(s)
Lu
qF
]
=
[
fL
fC,FR
]
, (2)
where displacements of the node L(s)u (coupled with the mounting plate) are integrated into
the subvector q(s)Lu ∈ R6 and displacements of the nodes i = 1, . . . , 16 are integrated into the
subvector qF ∈ R96. The force subvector fL ∈ R6 stands for forces acting in the kinematically
excited node L(s)u . The force subvector fC,FR ∈ R96 expresses the coupling forces between the
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surrounding spacer grid cells and FR at the level of all spacer grids g = 1, . . . , 8 (level of the
even nodes). The second set of equations extracted from the FR model in the decomposed form
(2) can be written as
MF q¨F +BF q˙F +KFqF = −MF,Lq¨(s)Lu −BF,Lq˙(s)Lu −KF,Lq(s)Lu + fC,FR. (3)
The first three terms on the right-hand side express the kinematic excitation by the lower FA
mounting plate motion calculated from the global reactor model [18].
3. Contact forces between FR and spacer grid cells
The contact forces between FR and the surrounding spacer grid cells in each contact point can
be expressed by three components: normal Nj,g, tangential Tj,g and axial Aj,g ‖ z (Fig. 3). The
dry friction is described by the force-slip velocity-displacement characteristics. The spacer grid
cells are static preloaded and the FA vibrates with small relative displacements with regard to
the cells.
Fig. 3. FR cross-section at the level of SG g
Sliding shifts and velocities of FR cladding in the contact points (contact surfaces are very
small) with surrounding SG cells j = 1, 2, 3 at the level of spacer grids g = 1, . . . , 8 are
generated as a result of FR spatial vibrations inside the FA load-bearing skeleton with spacer
grids. These relative shifts of the FR cladding in radial (r), tangential (t) and axial (z) directions
(the axes rj, tj , zj ‖ z form a right-handed coordinate system in contact points) can be expressed
in the form
d1,r,g = vg − x1,g,
d2,r,g = −0.5(vg − x2,g) +
√
3
2
(wg − y2,g), (4)
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d3,r,g = −0.5(vg − x3,g)−
√
3
2
(wg − y3,g),
d1,t,g = wg − y1,g + rϕg,
d2,t,g = −
√
3
2
(vg − x2,g)− 0.5(wg − y2,g) + rϕg, (5)
d3,t,g =
√
3
2
(vg − x3,g)− 0.5(wg − y3,g) + rϕg,
d1,z,g = ug − rψg − z1,g,
d2,z,g = ug + r
√
3
2
ϑg + 0.5rψg − z2,g, (6)
d3,z,g = ug − r
√
3
2
ϑg + 0.5rψg − z3,g,
where r is outer radius of FR cladding and ug, vg, wg, ϕg, ϑg, ψg are FR displacements of the
central nodal point at the level of spacer grid g. The small vertical displacements zj,g of the cell
centres, in consequence of large vertical FA skeleton stiffness, can be approximately expressed
as identical to the vertical displacement of the FA lower mounting plate in the intersection point
with the FR vertical axis (zj,g ≈ u(s)Lu , see relation (19))
zj,g = zL + ηϕx,L − ξϕy,L. (7)
The components of sliding velocities cj,t,g = d˙j,t,g and cj,z,g = d˙j,z,g in tangential planes τj
(j = 1, 2, 3) are expressed by time derivatives of corresponding shifts (see Fig. 3).
The mathematical model of the friction-vibration interactions generally takes into conside-
ration three states [15] — stick, slip and separation — depending on the slip velocity and the
normal contact force. Taking into account the relationship between the friction coefficient f ,
sliding velocity cj =
√
c2j,t + c
2
j,z and relative FR shifts dj,r, dj,t, dj,z in radial, tangential and
axial directions, respectively, the conditions for the above mentioned states can be formulated
as follows (index g is omitted):
– stick conditions . . . |cj| = 0, Tj = ktdj,t, Aj = kzdj,z, (8)
– slip conditions . . . |cj| > 0, Fj = −f(cj)Nj cj|cj| , (9)
– separation conditions . . . Nj = N0 + krdj,r ≤ 0. (10)
Here Nj , Tj , Aj are the components of the resulting contact force in negative radial, tangential
and axial directions (Fig. 3). The static contact force N0 stands for the preloading between FR
and particular spacer grid cells and Fj is friction force.
The elastic properties of cells are expressed by radial kr, tangential kt and axial kz stiffnesses
(kt, kz > kr) in relation to cell centres. Themathematicalmodel of the contact forces components
at the level of the spacer grid g = 1, . . . , 8 including all three states can be approximated by the
functions
Nj,g = (N0 + krdj,r,g)H(N0 + krdj,r,g), (11)
Tj,g = f(cj,g)Nj,g
cj,t,g
cj,g
+ kt(cj,g)dj,t,g, (12)
Aj,g = f(cj,g)Nj,g
cj,z,g
cj,g
+ kz(cj,g)dj,z,g, (13)
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where cj,g are the resulting slip velocities. The Heaviside function H in (11) is zero for negative
values ofN0+krdj,r,g (separation state), whereN0 is static preloading of spacer grid cells about
the radial stiffness kr. The approximative smooth function for the friction coefficient has to
satisfy the conditions f(cj,g) ≤ fst for 0 ≤ |cj,g| < ckrit and fd ≤ f(cj,g) < fst for |cj,g| > ckrit,
where ckrit is the critical sliding velocity separating the stick-state (phase of microslip) from the
slip-state (phase of macroslip) and fst and fd are the static and dynamic friction coefficients,
respectively. The approximative functions for cell stiffnesses in tangential and axial directions
satisfy the conditions kt(cj,g) ≈ kt, kz(cj,g) ≈ kz for 0 ≤ |cj,g| < ckrit and kt(cj,g) 	 kt,
kz(cj,g)	 kz for |cj,g| > ckrit. The smooth functions
f(cj,g) =
2
π
arctg(εfcj,g)[fd + (fst − fd)e−dcj,g ] (14)
and
kt(cj,g) = kte
−(εkcj,g)2 , kz(cj,g) = kze−(εkcj,g)
2
(15)
approximately satisfy the required conditions for suitably selected parameters fst, fd, εf , εk, d.
The contact forces componets in particular contact points j = 1, 2, 3 must be transformed
into FR nodes at each level of spacer grids g = 1, . . . , 8 as
f1,g =
⎡
⎢⎢⎢⎢⎢⎢⎣
−A1,g
−N1,g
−T1,g
−T1,gr
0
A1,gr
⎤
⎥⎥⎥⎥⎥⎥⎦
, f2,g =
⎡
⎢⎢⎢⎢⎢⎢⎢⎣
−A2,g
0.5N2,g +
√
3
2 T2,g
−
√
3
2 N2,g + 0.5T2,g−rT2,g
−
√
3
2 rA2,g−0.5rA2,g
⎤
⎥⎥⎥⎥⎥⎥⎥⎦
, f3,g =
⎡
⎢⎢⎢⎢⎢⎢⎢⎣
−A3,g
0.5N3,g −
√
3
2 T3,g√
3
2 N3,g + 0.5T3,g−rT3,g√
3
2 rA3,g−0.5rA3,g
⎤
⎥⎥⎥⎥⎥⎥⎥⎦
. (16)
The force subvector fC,FR in the FR mathematical model (3), in accordance with the vector of
FR generalized coordinates defined in (1), has the form
fC,FR(qF , q˙F , t) =
3∑
j=1
[0T , fTj,1, . . . , 0
T , fTj,g, . . . , 0
T , fTj,8]. (17)
4. Nonlinear FR vibration excited by pressure pulsation
Let use consider the spatial motion of the lower FA mounting plate (MP) in the reactor core
barrel bottom described in the fixed coordinate system xMP , yMP , zMP with the origin in the
plate gravity centre L in static equilibrium state by the displacement vector (see Fig. 4)
qL(t) = [xL, yL, zL, ϕx,L, ϕy,L, ϕz,L]
T . (18)
The vector of FR displacements in the lower end-node L(s)u of the chosen FR coupled with
the plate can be expressed according to (1) in the form⎡
⎢⎢⎢⎢⎢⎢⎣
u
v
w
ϕ
ϑ
ψ
⎤
⎥⎥⎥⎥⎥⎥⎦
L
(s)
u
=
⎡
⎢⎢⎢⎢⎢⎢⎣
0 0 1 η −ξ 0
1 0 0 0 ζ −η
0 1 0 −ζ 0 ξ
0 0 0 0 0 1
0 0 0 1 0 0
0 0 0 0 1 0
⎤
⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎣
xL
yL
zL
ϕx,L
ϕy,L
ϕz,L
⎤
⎥⎥⎥⎥⎥⎥⎦
, (19)
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Fig. 4. Spatial motion of the lower FA mounting plate
or
q
(s)
Lu
(t) = T (s)u,LqL(t), (20)
where ξ, η, ζ are the coordinates of the FR centre L(s)u in the coordinate system xMP , yMP , zMP .
The FR kinematic excitation in (3) by the mounting plate motion can be expressed in the form
of the force vector
f
(s)
Lu
(t) = −MF,LT (s)u,Lq¨L(t)−BF,LT (s)u,Lq˙L(t)−KF,LT (s)u,LqL(t). (21)
The steady-state vibration of the reactor excited by coolant pressure pulsation generated
by the main circulation pumps were investigated in co-operation with NRI Řež and published
in [18]. The dynamic response of the FA mounting plate was expressed in the complex form
q˜L(t) =
∑
l
∑
k
q˜
(k)
L,le
ikωlt, (22)
where q˜(k)L,l is vector of complex amplitudes of the plate gravity centre displacements defined
in (18) excited by the kth harmonic component of the coolant pressure pulsations generated by
one lth main circulation pump in corresponding cooling loops of the reactor primary circuit.
Corresponding angular rotational frequency of the lth pump ωl = 2πfl is defined by pump
revolutions, which can be slightly different for a particular pump of the cooling system. The
excitation force vector defined in (21) can be expressed in the complex form
f˜
(s)
Lu
(t) =
∑
l
∑
k
f˜l,ke
ikωlt, (23)
where the vectors of complex amplitudes are
f˜l,k = (k
2ω2lMF,L − ikωlBF,L −KF,L)T (s)u,Lq˜(k)L,l . (24)
The real force vector defined in (21) can be rewritten as
f
(s)
Lu
(t) =
∑
l
∑
k
(
Re[f˜l,k] cos kωlt− Im[f˜l,k] sin kωlt
)
. (25)
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The lateral displacements xj,g and yj,g, j = 1, 2, 3 of the cell centres apearing in (4) and (5)
are calculated using the global FA model [20] as
xj,g =
∑
l
∑
k
(
x
(k)
j,g,l cos kωlt− x(k)j,g,l sin kωlt
)
, (26)
yj,g =
∑
l
∑
k
(
y
(k)
j,g,l cos kωlt− y(k)j,g,l sin kωlt
)
(27)
from their complex amplitudes
x˜
(k)
j,g,l = x
(k)
j,g,l + ix
(k)
j,g,l, y˜
(k)
j,g,l = y
(k)
j,g,l + iy
(k)
j,g,l. (28)
The FR mathematical model (3) can be formally rewritten as
MF q¨F (t) +BF q˙F (t) +KFqF (t) = f
(s)
Lu
(t) + fC,FR(qF , q˙F , t). (29)
The friction-vibration interactions of the FR cladding with spatially vibrating spacer grid cells
are included in the nonlinear vector fC,FR(qF , q˙F , t) defined in (17). The dynamic response is
investigated by integrating the equations of motion (29) in time domain transformed into 2× 96
differential equations of the first order
u˙ = Au+ f (u, t), (30)
where
u =
[
qF
q˙F
]
, A = −
[
0 −E
M−1F KF M
−1
F BF
]
,
f (u, t) =
[
0
M−1F
(
f
(s
Lu
(t) + fC,FR(qF , q˙F , t)
)]
. (31)
These equations are solved for initial conditions resulting from displacements and velocities of
the lower FA mounting plate and undeformed FR in the initial moment of a simulation using the
standard Runge-Kutta integration scheme in Matlab. Because of a large number of nonlinearities
(number of contact points is 3 × 8 = 24) and three possible friction-vibration states in each
contact point, the calculation in very time-consuming.
5. Prediction of the FR cladding fretting wear
The fretting wear of the FR cladding is a particular type of FR wear that is expected in nuclear
FA [12, 13]. The tangential cj,t,g and axial cj,z,g components of the slip velocities in the contact
points (see Fig. 3), as a result of FR spatial vibration inside of the FA load-bearing skeleton with
spacer grids, can be expressed in compliance with (5) and (6) in the form
c1,t,g = w˙g − y˙1,g + rϕ˙g,
c2,t,g = −
√
3
2
(v˙g − x˙2,g)− 0.5(w˙g − y˙2,g) + rϕ˙g, (32)
c3,t,g =
√
3
2
(v˙g − x˙3,g)− 0.5(w˙g − y˙3,g) + rϕ˙g,
c1,z,g = u˙g − rψ˙g − z˙1,g,
c2,z,g = u˙g + r
√
3
2
ϑ˙g + 0.5rψ˙g − z˙2,g, (33)
c3,z,g = u˙g − r
√
3
2
ϑ˙g + 0.5rψ˙g − z˙3,g,
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where u˙g, v˙g, w˙g, ϕ˙g, ϑ˙j , ψ˙g are components of the vector q˙F in order 12(g − 1) + 7, . . . ,
12(g − 1) + 12, g = 1, . . . , 8. The small vertical velocities of the cell centres surrounding the
chosen FR, due to the large axial stiffness of the FA skeleton, are approximated in compliance
with (7) in the form
z˙j,g
.
= z˙L + ηϕ˙x,L − ξϕ˙y,L, g = 1, . . . , 8. (34)
According to (26), (27), the lateral velocities of the cell centres are
x˙j,g =
∑
l
∑
k
−kωl(x(k)j,g,l sin kωlt + x(k)j,g,l cos kωlt), (35)
y˙j,g =
∑
l
∑
k
−kωl(y(k)j,g,l sin kωlt+ y(k)j,g,l cos kωlt), (36)
j = 1, 2, 3, g = 1, . . . , 8. The criterion of the FR cladding fretting wear can be expressed using
the work of friction forces during the representative time interval t ∈ 〈t1, t2〉 calculated for the
contact force Nj,g(dj,r,g) and friction coefficient f(cj,g). The slip velocities in particular contact
points are
cj,g =
√
c2j,t,g + c
2
j,z,g, j = 1, 2, 3, g = 1, . . . , 8. (37)
The friction work in contact points can be written as
Wj,g =
∫ t2
t1
f(cj,g)|Nj,g(dj,r,g) · cj,g| dt, j = 1, 2, 3, g = 1, . . . , 8. (38)
The fretting wear in grams of the FR cladding in particular contact points during the time interval
t ∈ 〈t1, t2〉 can be expressed as
mj,g = μWj,g, j = 1, 2, 3, g = 1, . . . , 8, (39)
where μ [g/J] is experimentally obtained fretting wear in grams (i.e. the loss of FR cladding
mass in one contact surface generated by the friction work W = 1 [J] at the mean excitation
frequency ω = 14
∑4
l=1 ωl [12]). The small fluctuation of the angular velocity ωl of particular
main circulation pumps generates beating vibrations of the reactor component [18]. It is useful
to choose the representative time interval for the calculation of the friction works as t ∈
〈t0 − T/2, t0 + T/2〉, where t0 is the time instant of the maximal beating vibration of the FA
mounting plates and T = 2π
ω
. According to (38) and (39), the so called maximal periodic fretting
wear is
m
(T )
j,g = μ
∫ t0+T/2
t0−T/2
f(cj,g)|Nj,g(dj,r,g) · cj,g| dt j = 1, 2, 3, g = 1, . . . , 8. (40)
The hourly fretting wear in grams (the wear during one hour) can be approximately converted as
m
(h)
j,g = m
(T )
j,g ·
3 600
T
. (41)
6. Application
The presented method has been applied to the vibration analysis and fretting wear calculation
of the FR in Russian FA (see Fig. 1). The FA mounting plates motion and displacements of
the spacer grid cell centres were precalculated using the global FA linearised model in the
65
V. Zeman et al. / Applied and Computational Mechanics 10 (2016) 57–70
VVER 1000 type reactor for the excitation by pressure pulsations generated by main circulation
pumps [20]. The basic mean excitation frequency corresponding to angular velocity of pumps
is ω = 2πf , f = 16.6 [Hz], the project values of cell stiffnesses are kr = 0.537 · 106 [N/m],
kt = kz = 106 [N/m] and the static contact force representing the preloading between FR and
particular spacer grid cells is assumed N0 = 10 [N]. The friction-vibration characteristics of the
contact forces between FR and spacer grid cells in the form (12) and (13) are approximated by
the smooth functions (14) and (15) for the reference values of parameters fst = 0.2, fd = 0.065,
εf = 104, εk = 5 000 [s/m] and d = 100 [s/m]. For illustration, the sliding friction characteristics
for different values of εf and d are displayed in Fig. 5.
(a)
(b)
Fig. 5. Friction characteristics for different εf (a) and d (b)
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Fig. 6. Orbit of FR centre in nodal point i = 10
The orbit of FR centre in the nodal point i = 10 (located approximately in the FR middle)
in the time interval t ∈ 〈19.9, 20.1〉 [s] at t0 = 20 [s] of the maximal FA beating vibration is
presented in Fig. 6. The three orbit loops correspond to three harmonic components (k = 1, 2, 3)
of the coolant pressure pulsations considered in the kinematic excitation in (23).
For illustration, the time behaviour of the slip velocities c1,g in contact points of FR with the
first cell at the level of spacer grids g = 1, 4, 8 is presented in Fig. 7. As evident, the maximal
slip velocities increase with increasing distance of the spacer grid from the lower FA mounting
plate. The well apparent stick states are repeated in contact points with the upper-most spacer
Fig. 7. Slip velocity c1,g
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grid g = 8. The time behaviour of the normal contact force N1,g at the same level of spacer grid
is depicted in Fig. 8. The maximal normal contact forces are in contact points of FR with the
lowest spacer grid cells (for g = 1). The hourly fretting wear of the FR cladding in all contact
points with SG cells is shown in Fig. 9 for the face value μ = 10−9 [g/J] and the reference values
of all parameters.
Fig. 8. Normal contact force N1,g
Fig. 9. Hourly fretting wear
7. Conclusion
The main objective of this paper is to present a new basic method for the calculation of
friction-vibration interactions of fuel rods in a nuclear fuel assembly. The method is based on
mathematical modelling and computer simulation of nonlinear vibrations of fuel rods interacting
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with spacer grid cells inside the fuel assembly skeleton. The contact forces include three possible
states depending on deformations of cells and slip velocities. The developed software in Matlab
code is designed in such a way that it enables the calculation of fuel rod deformations, slip
velocities and friction works in all fuel rod contact points with spacer grid cells. The fuel rod
and spacer grid vibrations are kinematically excited by the fuel assembly support plates motion
caused by pressure pulsations generated by the main circulation pumps. The friction works can
be used for the prediciton of fretting wear of the Zr fuel rod cladding. The presented method
was applied for the case of fuel rods in the Russian TVSA-T fuel assembly in the VVER-1000
type reactor in the Czech nuclear power plant Temelín.
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